Abstract. The increasing renewable energy power generations have brought more intermittency and volatility to the electric power system. Demand-side resources can improve the consumption of renewable energy by demand response (DR), which becomes one of the important means to improve the reliability of power system. In price-based DR, the sensitivity analysis of customer's power demand to the changing electricity prices is pivotal for setting reasonable prices and forecasting loads of power system. This paper studies the price elasticity matrix of demand (PEMD). An improved PEMD model is proposed based on elasticity effect weight, which can unify the rigid loads and flexible loads. Moreover, the structure of PEMD, which is decided by price policies and load types, and the calculation method of PEMD are also proposed. Several cases are studied to prove the effectiveness of this method.
Introduction
In recent years, the renewable energy power generations are dramatic increasing, due to the increasing pressure of the environment, which brings high random and unpredictable to the power system [1] . Moreover, the increasing power demand and the widening peak-valley differences have seriously affect the safety of power system [2] . With the development of information and communication technology, demand side management (DSM) has become an important way to improve the reliability of power system by interacting between load-side and system-side [3] .
Price-based demand response (DR) can lead customers to change their behaviors in power consumption by the leverage of price in power market. The analysis of the regular pattern between customer's power consumption and changing prices is important in the research of DR, which will affect the price setting in power market and the economic benefit of market bodies. Price elasticity of demand is a common measure used in economics to analyze the responsiveness of the quantity demanded of a good or service to a change in its price [4] . Similarly, the response of power consumption to price changing can be expressed as the price elasticity matrix of demand (PEMD). Some studies have focused on the applications of price elasticity matrix [5] [6] [7] [8] [9] [10] . The calculations of PEMD are always based on traditional models or determining elasticity coefficient values by experience [6] [7] [8] [9] [10] . There is no detailed analysis on the structure and characteristics of PEMD. However, for different price policies and different load types, the structure of PEMD have lots of differences. Some errors will be brought to the forecasting of power consumption by traditional models. This paper analyzes the influence of price policies and load types on the structure of PEMD. An improved PEMD model based on elasticity effect weight is proposed. The model intuitively reflects the impact of the changing prices on different intervals of electricity consumption. Moreover, several cases are studied to prove the effectiveness of this method. The PEMD can be used in load forecasting and electricity market price setting in a real-time market.
Structure of PEMD

PEMD
In economics, price elasticity of demand refers to the response of demand to price changing. It can be expressed as
where ε , Q , P , Q ∆ , P ∆ are elasticity coefficient, demand, price, demand changes and price changes, respectively. A high ε indicates that demand is highly sensitive to price. 0 ε = indicates that price cannot affect demand at all.
Electricity is a special commodity with high timeliness, whose prices can change in real-time and demand can transfer in time. The change of electricity price in each interval will not only affect the electricity consumption in this interval, but also affect the electricity consumption in other intervals. Therefore, the elasticity coefficient can be divided into self-elasticity coefficient and cross-elasticity coefficient [8] [9] [10] .
The self-elasticity coefficient ii ε expresses the effect of the price changing in the interval i on the electricity consumption in the interval i , which can be defined as The cross-elasticity coefficient ij ε is defined as the response of the demand in the interval i to the price changes in another interval j , which can be expressed as
Divide the total time T into n intervals and the price elasticity matrix E can be expressed as
Influence of price policy
For different price policies, the distributions of nonzero elements in price elasticity matrix E are different. This paper chooses two policies as follows.
Policy I : The electricity price of both current interval and subsequent intervals are known, such as day-ahead price. In this policy, the electricity consumption in this interval is related to the price of past intervals, current interval and future intervals. Therefore, every elements of the elasticity matrix may be nonzero. Policy II : Only the electricity price of current interval is known, such as real-time price. In this policy, the electricity consumption in this interval is related to the price of past intervals and current interval. Therefore, the upper triangular elements of the elasticity matrix are all zeroes, which can be expressed as 11 21 22
Influence of load type
For different load types, the distributions of nonzero elements in price elasticity matrix E are different. This paper divide the power load into two categories: rigid loads and flexible loads.
Rigid loads refer to the loads which cannot be transferred, such as light. Its cross-elasticity coefficients are all zeroes, and the elasticity matrix can be expressed as
Flexible loads refer to the loads that can transfer in some intervals, such as air-conditions and water heaters. The nonzero elements in its elasticity matrix are distributed around diagonal, and the number of nonzero elements in each row is related to the length of the transferred interval D . For example 2 D = , the elasticity matrix in policy I and policy II can respectively be expressed as 
3. Improved price elasticity matrix model
Problems in traditional model
In traditional model, the change of electricity consumption in interval i is generated by the price changing in all intervals from 1 to n . Therefore, the relationship between the change of price and the change of electricity consumption, which is calculated by formula (2) ~ (4), can be expressed as It means that the price changing in any interval has the same effect on the change of the electricity consumption in interval i , which is
. However, according to the transfer characteristics of loads, the influence of the price changing on the electricity consumption in its own interval should be more significant than that in other intervals. Therefore, the traditional model of PEMD is not accurate.
Elasticity effect weight
Elasticity effect weight ij ω is defined as an influence effect weight of price changing in interval i on the change of the electricity consumption in interval j . It expressed the proportion of the electricity consumption changing in interval i resulted from the price changing in interval j , which is expressed
where
The electricity consumption in each interval can be split by the length of the transferred interval D . 
Policy
Self-elasticity effect weight Cross-elasticity effect weight
Use the elasticity effect weight to correct the elasticity coefficient expressed by formula (2) 
So the relationship between the change of price and the change of electricity consumption in each interval can be expressed as
Case and discussions
Data initialization
In order to verify the feasibility of the algorithm, this paper set a scenario as follows. In a certain area, the 30-minutes real-time price (policy II ) is implemented to residential customers. If T means one day, then 48 n = . Table 2 shows the proportion of load types in this area. EV; battery For residential customers, the main effect weights affecting the electricity consumption are season, date (workday / weekend) and weather (temperature / humidity). This case chooses the electricity consumption data and electricity price data before and after the implementation of real-time price policy in a summer working day. The maximum temperature is 35℃. The price data are shown in Figure 1 . The black curve shows the constant price and the red curve shows the real-time price. The weighted average electricity consumption data are shown in Figure 2 . The black curve shows the electricity consumption in constant price and the red curve shows the electricity consumption in realtime price. 
Calculation
The traditional price elasticity matrix can be calculated by formula (2) ~ (3). Because of the 48 n = matrix is quite large, we select fifteen rows and fifteen columns to show in Figure 3 .
The elasticity effect weight matrix can be calculated by formulas in Table 1 . The self-elasticity effect weight is the largest as 
=0.6875
ii ω (14) The elasticity effect weight curve for interval 48 j = is shown in Figure 4 , which expressed that the longer interval between i and 48, the smaller the cross-elasticity effect weight ij ω is. The corrected price elasticity matrix can be calculated by formula (12). We also select fifteen rows and fifteen columns to show the result in Figure 5 . 
Discussions
The accuracy of the price elasticity matrix result can be verified by load forecasting. According to the day-ahead prices, the PEMD results can be used to forecast loads. The forecasting results are shown in Figure 6 . The black curve shows actual load and the red curve shows forecasting load. The error curve is shown in Figure 7 . Figure 7 shows that the forecasting errors are larger when the prices change small. Because the impact of uncertainty on elasticity coefficient is more significant at that time. The results are not accurate at that interval.
The average error of load forecasting is about 1.40%, which is under the allowable ranges. Therefore, the model is effective and practical.
Conclusions
For different price policies and different load types, the structure characteristics of PEMD have many differences. On the basis of the traditional elasticity matrix model, this paper proposes an improved PEMD model by effect weight coefficient with higher accuracy. The case illustrates that the PEMD model has a better application in load forecasting. In the future electricity market, the PEMD will play an important role in the time-of-use electricity pricing and real-time electricity pricing. 
